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Abstract
The morbidity and mortality rates of cardiovascular disease are markedly higher in patients with diabetes than in non-
diabetic patients, including patients with ischemia–reperfusion injury (IRI). However, the cardiovascular protective effects 
of Empagliflozin (EMPA) on IRI in diabetes mellitus have rarely been studied. In this study, we established a cardiomyocyte 
hypoxia/reoxygenation (H/R) injury model to mimic myocardial I/R injuries that occur in vivo. H9C2 cells were subjected 
to high glucose (HG) treatment plus H/R injury to mimic myocardial I/R injuries that occur in diabetes mellitus. Next, dif-
ferent concentrations of EMPA were added to the H9C2 cells and its protective effect was detected. STAT3 knockdown with 
recombinant plasmids was used to determine its roles. Our results showed that H/R injury-induced cell apoptosis, necroptosis, 
oxidative stress, and endoplasmic reticulum stress were further promoted by HG conditions, and HG treatment plus an H/R 
injury inhibited the activation of JAK2/STAT3 signaling. EMPA was found to protect against H/R-induced cardiomyocyte 
injury under HG conditions and activate JAK2/STAT3 signaling, while down-regulation of STAT3 reversed the protective 
effect of EMPA. When taken together, these findings indicate that EMPA protects against I/R-induced cardiomyocyte injury 
by activating JAK2/STAT3 signaling under HG conditions. Our results clarified the mechanisms that underlie the cardio-
vascular protective effects of EMPA in diabetes mellitus and provide new therapeutic targets for IRI in diabetes mellitus.
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Highlights

•	 A hypoxia/reoxygenation (H/R) injury model was estab-
lished to mimic myocardial I/R injuries in vivo.

•	 Treatment of H9C2 cells with high glucose (HG) com-
bined with an H/R injury was used to mimic the myocar-
dial I/R in diabetes mellitus.

•	 EMPA protects against I/R-induced cardiomyocyte injury 
under HG conditions.

•	 STAT3 is involved in the effects of EMPA on cardiomyo-
cyte H/R injuries under high glucose conditions.

Introduction

Diabetes is a complex and heterogeneous disease that affects 
people at different stages of life [1]. In the developing world, 
type 2 diabetes is growing at an alarming rate, as people 
gain access to Western-style diets [2]. Type 2 diabetes mel-
litus (T2DM) is characterized by a series of metabolic dis-
orders, including hyperglycemia, insulin resistance, dyslipi-
demia, and nonalcoholic fatty liver disease (NAFLD), which 
accounts for 90–95% of diabetes mellitus cases affecting 
nearly 463 million individuals worldwide [1, 3].

Cardiovascular disease is an increasing complication of 
type 2 diabetes [4]. The morbidity and mortality rates of cardi-
ovascular disease in patients with diabetes are markedly higher 
than those in non-diabetic patients [5]. The cardiovascular 
complications of T2DM can include myocardial infarction, 
coronary heart disease, and atherosclerosis [6–8]. Ischemia/
reperfusion (I/R) is a pathological event that occurs in numer-
ous disease states [9]. Ischemia, the first event, refers to the 
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restriction of blood supply to an organ, usually as a result of 
a blockage within the arterial blood supply by an embolus. 
Ischemia is almost always associated with cellular metabolic 
imbalances and deleterious hypoxia. The second event is the 
reperfusion, or restoration of blood flow and reoxygenation of 
the affected ischemic area [9, 10]. Ischemia/reperfusion injury 
(IRI) refers to the fact that tissues and organs are sometimes 
unable to recover their normal function after the restoration of 
blood supply [11]. Due to impaired cardiovascular function in 
diabetic patients, IRI is more likely to occur in those patients. 
IRI causes tissue damage by enhancing oxidative stress [12] 
and endoplasmic reticulum stress [13], leading to cell apop-
tosis [14] or necroptosis [15, 16]. Glucose control is a central 
focus in the management of T2DM [17], and reducing hyper-
glycemia has been shown to decrease the cardiovascular com-
plications of diabetes [4, 18]. Sodium-sugar cotransporter 2 
(SGLT2) is a sodium-dependent glucose transport protein [19] 
which mediates the majority of glucose reabsorption (~ 90%) 
[20]. Inhibition of SGLT2-mediated glucose transport is a 
rational strategy for treating T2DM [21, 22].

Empagliflozin (EMPA), an SGLT2 inhibitor, is an effective 
and generally well-tolerated antihyperglycemic agent approved 
for the treatment of adults with T2DM [23]. Beyond lower-
ing glucose, EMPA exerts a favorable effect on a series of 
non-glycemic effects, including causing modest reductions 
in body weight and blood pressure [24], and providing some 
cardiovascular and renal protection [25]. In non-diabetic rats, 
low-dose EMPA treatment improves systolic heart function 
after a myocardial infarction [26]. Clinical studies have shown 
that EMPA reduces cardiovascular morbidity and mortality 
in patients with type 2 diabetes mellitus [27, 28], and attenu-
ates ischemia–reperfusion injuries [29–31]. Previous studies 
revealed that EMPA attenuates transient cerebral ischemia/
reperfusion injuries in hyperglycemic rats [32]. However, the 
mechanisms by which EMPA exerts its cardiovascular protec-
tive effects in patients with diabetes mellitus remain unclear.

In this study, we cultured rat H9C2 cardiomyocyte cells 
and used them to establish a cellular model of a hypoxia/
reoxygenation (H/R) injury that occurs in vivo. High glucose 
(HG) treatment combined with induction of an H/R injury 
in H9C2 cells was used to mimic the myocardial I/R that 
occurs in diabetes mellitus. Next, the effects of EMPA on 
cardiomyocyte H/R injuries that occur under high glucose 
conditions and the underlying molecular mechanisms for the 
effects were investigated.

Materials and methods

Cell lineage and cell culture

Rat H9C2 cardiomyocytes were obtained from the Ameri-
can Type Culture Collection (ATCC; Manassas, VA, USA) 

and maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM; Gibco, Invitrogen, Carlsbad, CA, USA) supple-
mented with 5.5 mM glucose (Control group) or 25 mM 
glucose (High glucose group), plus 100 μg/mL of penicil-
lin/streptomycin at 37 °C in a 5% CO2 atmosphere for 18 h. 
A hypoxic condition was achieved by culturing the H9C2 
cells in serum- and glucose-deficient DMEM in an incubator 
chamber (MIC-101, Billups-Rothenberg, San Diego, CA, 
USA) filled with 5% CO2, 95% N2, and 1% O2.

Western blot analysis

Total proteins were extracted from each group of cells, 
and separated by 10% SDS-PAGE; after which, the protein 
bands were transferred onto PVDF membranes (Millipore, 
Burlington, MA, USA) that were subsequently blocked with 
5% non-fat milk. The membranes were then incubated with 
the following primary antibodies: Caspase 3 (ab184787, 
Abcam, Cambridge, UK), Bcl-2 (ab194583, Abcam), Bax 
(ab182734, Abcam), p-RIP1(AF7088, Affinity Biosciences, 
Cincinnati, OH, USA), p-RIP3 (AF7443, Affinity Bio-
sciences), p-MLKL (AF7420, Affinity Biosciences), GRP78 
(ab108615, Abcam), eIF-2α (ab5369, Abcam), p-eIF-2α 
(ab214434, Abcam), PERK (ab229912, Abcam), p-PERK 
( DF7576, Affinity Biosciences), CHOP (SAB4500632, 
Sigma-Aldrich, St. Louis, MO, USA), p-JAK2 (ab32101, 
Abcam), p-STAT3 (ab32143, Abcam), and β-actin (ab8227, 
Abcam). Nest, the membranes were incubated with an HRP-
conjugated secondary antibody and developed with an ECL 
kit (Perkin-Elmer Inc., Waltham, MA, USA). β-actin served 
as an internal control.

Cell transfection

Plasmids constructed with short hairpin RNA targeting 
STAT3 (si-STAT3) were used to achieve the knockdown of 
STAT3 (GenePharma, Shanghai, China). Cells were trans-
fected with si-STAT3 plasmids or mock-vectors for 48 h 
and then collected for use in subsequent experiments. Lipo-
fectamine®3000 reagent (Invitrogen) was used to perform 
all transfections.

Cell counting kit‑8 (CCK‑8) assay

A CCK-8 assay kit (Beyotime, Nanjing, China) was used for 
determinations of cell viability. Cells were cultured for 24 h 
in a 96-well flat-bottomed plate (5000 cells/well), and then 
transfected, treated, and cultured in a normal medium. Next, 
CCK-8 solution (20 μL) was added to each well at times 
ranging from 0 to 48 h, and the cells were incubated or an 
additional 4 h. Cell viability was evaluated by detecting the 
absorbance of each well at 450 nm.
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Flow cytometry for cell apoptosis

An Annexin V-FITC Apoptosis Detection Kit (Keygen, 
China) was used to quantify the numbers of apoptotic cells. 
In brief, live cells were collected with 0.25% pancreatin, 
washed twice with ice-cold PBS, and then resuspended in 
500 μL of binding buffer. Next, the cells were incubated 
with 5 μL of antibody against Annexin V-FITC and 5 μL of 
propidium iodide (PI) for 15–20 min in the dark. After the 
incubation, cell apoptosis was detected with a BD Accuri C6 
flow cytometer (BD, Franklin Lakes, NJ, USA). The excita-
tion wavelength (Ex) used was 488 nm, and the emission 
wavelength (Em) was 530 nm.

TdT‑mediated dUTP nick end labeling (TUNEL) assay

The DNA fragments of apoptotic cells were detected using 
the TUNEL assay. Specifically, the treated cells in each 
group were collected (2 × 104 cells per well, from an 8-well 
plate), fixed with 4% formaldehyde, and embedded onto 
glass slides. DNA fragment 3ʹ-OH terminal nucleotides were 
labeled with biotin-dUTP at 37 °C for 1 h in the dark. The 
slides were then mounted using a DAPI containing solution 
to stain the nuclei. Nuclear fluorescence of the DNA frag-
ments was detected under a fluorescence microscope (BX41, 
Olympus, Japan).

Measurements of MDA levels and SOD activity

MDA levels and SOD activity were measured using com-
mercial kits (Nanjing Jiancheng Bioengineering Institute, 
China) according to the manufacturer’s instructions.

Immunofluorescence (IF) staining

Cells were fixed with cold methanol (100%, stored 
at − 20 °C) for 2 min, washed 3 times with 800 μL of PBS, 
and then blocked with bovine serum albumin (BSA, 2%) 
for 1 h. Next, the cells were incubated with primary anti-
bodies against p-STAT3 (ab32143, Abcam) at 4 °C over-
night. After incubation, the cells were washed with PBS and 
treated with an Alexa Fluor 568‐labeled secondary antibody 
(1:1000 diluted in PBS buffer with 2% BSA) for 2 h in the 
dark. The cell nuclei were stained with DAPI. Images of the 
stained cells were acquired using a fluorescence microscope 
(Olympus, Japan).

Statistical analysis

All statistical data were analyzed using IBM SPSS Statis-
tics for Window, Version 20 software (IBM Corp., Armonk, 
NY, USA). Results are expressed as a mean value ± stand-
ard deviation (SD). All data were analyzed for normality 

using the Shapiro–Wilk test. The student's t-test was used to 
compare the significance of differences between two groups 
and one-way ANOVA followed by Dunnett’s T3 test were 
used to compare the significance of differences among more 
than two groups. The Whitney U test was for analysis of 
non-parametric data. A P-value < 0.05 was considered to be 
statistically significant.

Results

Establishment of a cardiomyocytes hypoxia/
reoxygenation (H/R) injury model

To confirm the effects of hypoxia/reoxygenation on car-
diomyocytes, rat cardiomyocytes (H9C2) were exposed 
to hypoxic conditions for 2 h, followed by reoxygenation 
for 0–12 h. The CCK8 assay, flow cytometry, and TUNEL 
assay were used to detect cell viability and cell apoptosis, 
respectively. Figure 1A shows that the viability of H9C2 
cells was significantly decreased after exposure to hypoxic 
conditions. Exposure to hypoxic conditions for 2 h increased 
the numbers of apoptotic cells, and reoxygenation for 4 h, 
8 h, and 12 h still promoted the apoptosis of H9C2 cells 
(Fig. 1B). Similarly, TUNEL assays showed that hypoxia 
and hypoxia/reoxygenation increased the numbers of apop-
totic cells with typical DNA fragmentation (Fig. 1C). In 
addition, the total proteins of cells from each group were 
extracted, and the protein levels of cells undergoing apop-
tosis and necrosis were examined. Figure 1D shows that 
hypoxia/reoxygenation markedly increased the expression of 
pro-apoptosis and necrosis-related proteins (Caspase 3, Bax, 
p-RIP3, p-RIP1, and p-MLKL), and decreased the expres-
sion of Bcl-2 (an anti-apoptosis protein). Finally, the MDA 
content and SOD activity of each group were measured with 
commercial kits. The results showed that hypoxia treatment 
significantly increased the MDA content of H9C2 cells, and 
the MDA content was further increased by reoxygenation; 
while hypoxia significantly decreased the SOD activity of 
H9C2 cells, and the SOD activity was further decreased by 
reoxygenation (Fig. 1E–F). These results suggested that the 
cardiomyocyte hypoxia/reoxygenation injury model had 
been successfully established. Next, a 2 h period of hypoxia 
and an 8 h period of reoxygenation were selected for use in 
subsequent experiments.

High glucose combined with hypoxia/reoxygenation 
treatment induced cardiomyocyte injury 
and inhibited JAK2/STAT3 signaling

After establishing the cardiomyocyte H/R model, we 
explored the effects of high glucose (HG) on H9C2 cells 
prior to induction of an H/R injury. H9C2 cells were 
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cultured in high glucose medium for 18 h and then sub-
jected to H/R treatment. The CCK8 assay, flow cytom-
etry, and TUNEL assay were used to detect cell viability 
and cell apoptosis, respectively. Figure 2A shows that the 
viability of H9C2 cells was significantly decreased after 
either high glucose or H/R treatment, and HG further 
reduced cell viability under conditions of H/R treatment. 
Results of flow cytometry and TUNEL assays showed that 
either HG or H/R treatment could increase the numbers 
of apoptotic H9C2 cells and HG further promoted cell 
apoptosis under conditions of H/R treatment (Fig. 2B–C). 
Western blot analyses demonstrated that HG or H/R treat-
ment markedly increased the levels of Caspase 3, Bax, 
p-RIP3, p-RIP1, and p-MLKL protein expression, and 
decreased Bcl-2 expression. Furthermore, HG markedly 
promoted the alteration of proteins under conditions of 
H/R treatment (Fig. 2D). In addition, assays for MDA 
content and SOD activity showed that either HG or H/R 

treatment significantly increased the MDA levels in H9C2 
cells, and those levels were further increased by HG when 
HG was combined with an H/R injury. Either HG or H/R 
treatment significantly decreased SOD activity in the 
H9C2 cells, and SOD activity was further decreased when 
HG was combined with an H/R injury (Fig. 2E–F).

To explore the mechanism underlying changes in cell 
phenotype, the levels of endoplasmic reticulum stress 
(ERS)-related proteins (GRP78, p-PERK, p-eIF-2, and 
CHOP) and STAT3 pathway-related proteins (p-JAK2 and 
p-STAT3) were detected. Figure 2G shows that either HG 
or H/R treatment markedly increased the levels of endoplas-
mic reticulum stress in H9C2 cells, and markedly decreased 
activation of the STAT3 pathway; while HG promoted ERS 
and further inhibited STAT3 pathway activation under con-
ditions of H/R treatment. Finally, IF staining of p-STAT3 in 
H9C2 cells further confirmed that activation of the STAT3 
pathway was inhibited by HG or H/R treatment, and HG 

Fig. 1   Establishment of a cardiomyocyte hypoxia/reoxygenation 
(H/R) injury model. A After hypoxia/reoxygenation treatment, the 
viability of H9C2 cardiomyocytes was detected by the CCK-8 assay. 
B Cell apoptosis was examined by flow cytometry. C Apoptotic 
DNA fragments were detected by the TUNEL assay. D Western blot 

assays were performed to detect the levels of proteins associated with 
cell apoptosis and necroptosis. E–F MDA levels and SOD activity 
were measured using commercial kits. ns no significant difference; 
*P < 0.05, **P < 0.01, ***P < 0.001
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combined with H/R treatment further inhibited that activa-
tion (Fig. 2H).

Empagliflozin (EMPA) exerted a protective effect 
in the cardiomyocyte H/R model under high glucose 
conditions and activated JAK2/STAT3 signaling

Due to the wide use of EMPA in treatment of diabetes melli-
tus, we explored the effects of EMPA on cardiomyocyte H/R 

injuries under high glucose conditions. H9C2 cardiomyo-
cytes were cultured in high glucose medium and exposed 
to different concentrations of EMPA (0.1 μM, 0.5 μM, and 
1 μM) followed by an H/R injury. CCK8 assays, flow cytom-
etry, and TUNEL assays were used to determine cell via-
bility and cell apoptosis, respectively. Results showed that 
EMPA significantly increased cell viability, and decreased 
the numbers of apoptotic cells in the H/R-induced cell 
injury model (Fig. 3A–C). Western blot analyses showed 

Fig. 2   High glucose combined with hypoxia/reoxygenation treatment 
induced cardiomyocyte injury and inhibited JAK2/STAT3 signaling. 
A–C Cell viability in each group was detected by the CCK-8 assay, 
cell apoptosis was detected by flow cytometry, and apoptotic DNA 
fragments were detected by the TUNEL assay. D Western blotting 
was used to detect the levels of proteins associated with cell apoptosis 
and necrosis. E–F MDA levels and SOD activity were measured with 

commercial kits. G Western blotting was performed to detect the lev-
els of endoplasmic reticulum stress-related proteins and STAT3 path-
way-related proteins. H IF staining was performed to detect the inten-
sity of p-STAT3 protein expression in each group of cells. *P < 0.05, 
**P < 0.01, ***P < 0.001, vs. Control group; #P < 0.05, ##P < 0.01, 
vs. I/R group
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that EMPA markedly decreased the expression of Caspase 3, 
Bax, p-RIP3, p-RIP1, and p-MLKL proteins, and increased 
Bcl-2 expression (Fig. 3D). In addition, EMPA signifi-
cantly decreased the cellular MDA levels and increased 
the SOD activity resulting from H/R-induced oxidative 
changes (Fig. 3E–F). Figure 3 G shows that EMPA mark-
edly decreased the levels of endoplasmic reticulum stress in 
H9C2 cells, and markedly increased activation of the STAT3 
pathway involved in H/R-induced protein changes. Finally, 
IF staining of p-STAT3 in H9C2 cells confirmed that EMPA 
markedly increased activation of the STAT3 pathway under 
conditions of H/R injury (Fig. 3H).

Knockdown of STAT3 reversed the effects of EMPA 
on cardiomyocyte H/R injury under high glucose 
conditions

To determine whether STAT3 is involved in the cellular 
protective effect of EMPA on cardiomyocytes after H/R 
injury, H9C2 cardiomyocytes were transfected with an si-
STAT3/control plasmid and/or treated with EMPA. CCK8 
assays and flow cytometry, and TUNEL assays were used 
to detect cell viability and cell apoptosis, respectively. Fig-
ure 4A shows that the viability of H9C2 cells was signifi-
cantly increased by EMPA, and restored by STAT3 interfer-
ence. Flow cytometry and TUNEL assays demonstrated that 
EMPA decreased the numbers of apoptotic H9C2 cells, and 
STAT3 interference reversed EMPA-induced cell apopto-
sis inhibition (Fig. 4B–C). Western blot assays showed that 
STAT3 interference reversed EMPA-inhibited cell apoptosis 
and necrosis (Fig. 4D). In addition, STAT3 interference sig-
nificantly reversed the decrease in MDA levels and increase 
in SOD activity induced by EMPA (Fig. 4E–F). As seen 
in Fig. 4G, EMPA inhibited endoplasmic reticulum stress, 
and increased the level of STAT3 pathway activation, while 
STAT3 interference reversed those changes. Finally, IF stain-
ing of p-STAT3 further confirmed that STAT3 pathway acti-
vation was increased by EMPA treatment and restored by 
STAT3 interference (Fig. 4H).

Discussion

The prevalence of diabetes is increasing at a rapid rate world-
wide. It is estimated that by 2045, there will be approximately 
700 million diabetic patients between the ages of 20 and 79 
[33]. Cardiovascular disease is a leading cause of morbidity 
and mortality in T2DM patients [5]. High glucose induces 
cardiomyocyte injuries by promoting apoptosis, ROS produc-
tion, and pro-inflammatory responses in cardiomyocytes [34]. 
In diabetic rats, ischemia–reperfusion induced myocardial 
injuries can be alleviated by suppressing cardiac cell oxida-
tive stress and apoptosis [35]. Maternal diabetes enhances 

myocardial I/R injuries in adult offspring by increasing ROS 
production [36]. A previous study showed that EMPA ame-
liorates high glucose induced-cardiac dysfunction in human 
cardiomyocytes [37]. EMPA is widely used as a new drug for 
type 2 diabetes. In clinical trials, EMPA has displayed robust 
cardiovascular protective outcomes in type 2 diabetes mel-
litus patients [7]. In vivo, it has been reported that EMPA pro-
tects the heart against ischemia/reperfusion-induced sudden 
cardiac death or heart failure [28, 38]. Chronic administra-
tion of EMPA was shown to reduce myocardial infarct size 
by activating STAT3 in microvascular endothelial cells [39]. 
In myocardial I/R injury mice with diabetes mellitus, EMPA 
was found to preserve cardiac systolic function independent 
of blood glucose levels [40]. In this study, we established an 
H/R injury model to mimic myocardial I/R injury in vivo. 
High glucose (HG) treatment combined with H/R injury in 
H9C2 cells was used to mimic myocardial I/R that occurs in 
diabetes mellitus. Our experimental results showed that HG 
promoted H/R injury-induced cell apoptosis, oxidative stress, 
and endoplasmic reticulum stress, while EMPA had obvious 
protective effects.

Although robust evidence suggests that EMPA has car-
diovascular protective effects in diabetes mellitus, it remains 
important to elucidate the mechanism underlying those car-
diovascular protective effects. As for the specific mechanism 
by which EMPA protects cardiomyocytes from H/R injury 
under high glucose conditions, previous studies reported 
that in diabetic rats, hyperglycemia-induced myocardial 
oxidative stress was produced by activating the PI3K/AKT 
and JAK2/STAT3 signaling pathways [41]. In STZ-induced 
type I diabetes models, phosphorylation and activation of 
STAT3 at Tyr705 was found to be decreased [42, 43]. In 
H9C2 cells, high glucose conditions (25 mM) remarkably 
decreased the non-ischemic baseline levels of STAT3 phos-
phorylation (Tyr705 and/or Ser727) and activation [44, 45]. 
Our current study showed that HG inhibited activation of the 
JAK2/STAT3 signaling pathway, which is consistent with 
the aforementioned reports. Furthermore, EMPA markedly 
decreased cell apoptosis, oxidative stress, and endoplasmic 
reticulum stress under conditions of H/R injury by increas-
ing the activation of STAT3. Knockdown of STAT3 reversed 
the cardioprotective effects of EMPA. It has been reported 
that mitochondrial function and cell survival are partially 
STAT3-dependent [46, 47]. Thus, STAT3 may affect mito-
chondrial energy metabolism by enhancing mitochondrial 
function and promoting cell survival after H/R injury.

Conclusion

In conclusion, our study revealed that high glucose and 
H/R injury inhibited the activation of STAT3, and EMPA 
protected against H/R-induced cardiomyocyte injury by 
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Fig. 3   Empagliflozin (EMPA) exerted a protective effect in the car-
diomyocyte H/R model under high glucose conditions and acti-
vated JAK2/STAT3 signaling. H9C2 cardiomyocytes were cultured 
in high glucose medium and exposed to different concentrations 
of EMPA (0.1 μM, 0.5 μM, and 1 μM) followed by hypoxia/reoxy-
genation treatment. A–C Cell viability in each group was detected 
by the CCK-8 assay, cell apoptosis was detected by flow cytometry, 
and apoptotic DNA fragments were detected by the TUNEL assay. D 

Western blotting was performed to detect the levels of proteins asso-
ciated with cell apoptosis and necrosis. E–F MDA levels and SOD 
activity were measured with commercial kits. G Western blotting was 
performed to detect the levels of endoplasmic reticulum stress-related 
proteins and STAT3 pathway-related proteins. H IF staining was per-
formed to detect the intensity of p-STAT3 protein expression in each 
group of cells. ns, no significant difference; *P < 0.05, **P < 0.01, 
***P < 0.001
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activating JAK2/STAT3 signaling under high glucose 
conditions (Fig.  5). This study clarifies the mecha-
nisms underlying the cardiovascular protective effects 

of EMPA in diabetes mellitus and provides new targets 
for treating ischemia–reperfusion injuries in diabetes 
mellitus.

Fig. 4   Knockdown of STAT3 reversed the effects of EMPA on car-
diomyocyte H/R injuries under high glucose conditions. H9C2 car-
diomyocytes were transfected with an si-STAT3/control plasmid and/
or treated with EMPA. A–C Cell viability in each group was detected 
by the CCK-8 assay, cell apoptosis was detected by flow cytometry, 
and apoptotic DNA fragments were detected by the TUNEL assay. D 
Western blotting was performed to detect the levels of proteins asso-

ciated with cell apoptosis and necrosis. E–F MDA levels and SOD 
activity were measured using commercial kits. G Western blotting 
was performed to detect the levels of endoplasmic reticulum stress-
related proteins and STAT3 pathway-related proteins. H IF staining 
was performed to detect the intensity of p-STAT3 protein expression 
in each group of cells. *P < 0.05, **P < 0.01, ***P < 0.001, vs. Con-
trol group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. EMPA group
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